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Abstract 
The success of carbon capture and storage (CCS) in reducing CO2 emissions on a large scale will depend on 
effectively deploying CCS infrastructure. Key decisions will include where to build new capture-ready power plants 
or retrofit existing facilities, how to construct an integrated and robust CO2 pipeline network, and which geologic 
reservoirs offer the best and safest storage potential. Critically, the capture, transportation, and storage components 
are highly interdependent and must be considered simultaneously.  
In previous work, we have developed and applied a CCS system optimization model that simultaneously 
optimizes the investments in, and operation of, the source capture facilities, the pipeline network, and the geologic 
sinks. The simCCS model combines GIS and operations research techniques to optimize seven sets of decisions 
simultaneously: source capture investment; source capture amounts; pipeline network configuration; pipeline 
diameters; routing of CO2 amounts through the pipeline; sink injection investment; and sink injection amounts. In 
choosing the corridors for the pipelines, the model considers geographic factors such as steep topography, protected 
lands, urban areas, and rivers and roads. SimCCS develops a fully integrated and networked CO2 pipeline network in 
which pipelines can merge and branch to create trunk lines that reduce the overall network length and take 
advantage of cost savings through economies of scale and high capacity utilization.  
In this paper, we demonstrate the cost savings of using a model like simCCS to optimize simultaneously the 
seven key CCS decisions. Using a case study of the Midwest USA consisting of eight coal-fired power plants and 
seven depleted oil fields as potential sources and sinks, we use simCCS to optimize a networked CCS infrastructure 
system with trunk and feeder pipelines. We then compare those results to constrained runs of simCCS in which the 
pipeline branching capability is restricted to allow only direct pipelines between single sources and single sinks. For 
small amounts of CO2 captured, the optimal networks are the same, but as soon as the system requires more than one 
source and sink, the advantages of networking the pipelines begin to emerge. For systems involving more than one 
source and sink, total costs average 6.5% lower for networked systems than for direct systems, based on savings of 
2% on source costs, 34% on transport costs, and 22% on sink costs. The source and sink savings are generated in the 
model by connecting the less expensive sources and sinks to the pipeline network. The total length of pipelines for 
the networked system is on average 43% lower, and pipeline capacity utilization is 12% higher. This analysis helps 
to demonstrate why comprehensive infrastructure modeling is important to the financial success of CCS. 
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Figure 1. Different ways of modeling CCS pipeline networks: (a) straight, 
direct pipelines; (b) least-cost direct pipelines; (c) "string of pearls" 
pipelines; (d) flexible networked pipeline with branching and trunk lines. 
1. Introduction 
Carbon dioxide capture and storage (CCS) is a promising technology for achieving sustainable energy security, 
but it will require substantial investment to develop its infrastructure on a large scale [1-2]. For instance, Pacala and 
Socolow [3] estimated that to achieve just one-eighth of the CO2 reduction needed to cap global emissions at 2004 
levels (that is, one “carbon wedge”), it would be 
necessary to introduce CCS at 800 GW of coal 
power plants. To plan a CCS infrastructure 
system, seven key decisions need to be 
coordinated: (1) where to capture CO2 and (2) 
how much to capture at each source; (3) where to 
construct pipelines and (4) what diameter to use; 
(5) where to store CO2 and (6) how much to 
inject at each reservoir; and (7) how to route the 
CO2 from the sources through the pipelines to the 
reservoirs. These seven decisions need to be 
optimized simultaneously to deploy a CCS 
system at minimum cost. 
Some of the pioneering work in the CCS 
literature focused on just a few of these seven 
decisions at a time, and made simplifying 
assumptions about the configuration of the 
pipeline network. For example, ISGS [4] 
assumed that pipelines will be straight and all 
CO2 must be captured at each source regardless 
of system-wide economics (e.g., Figure 1a). MIT 
[5] assumed that a single CO2 pipeline directly 
connects a single source to a single injection site 
(Figure 1b). Dooley et al. [6] assumed a minimum 
and maximum distance for pipelines between 
sources and reservoirs, and like ISGS assumed 
that all CO2 at a source must be captured. Kobos 
et al. [7] moved an important step away from this direct-pipeline restriction. Their method begins with a source and 
constructs a pipeline of sufficient diameter to carry the entire source volume to the nearest reservoir. It then finds the 
next sink nearest to the first reservoir and constructs a pipeline sufficient to carry the remaining CO2 to it, and so on, 
creating a “string of pearls’ (Figure 1c).  
Middleton et al. [8] and Middleton and Bielicki [9] introduced a Scalable Infrastructure Model for CCS 
(simCCS), a geospatial economic-engineering model that simultaneously optimizes all components of CCS 
infrastructure. The model allows pipelines to branch and join to avoid duplication and take advantage of economies 
of scale by creating trunk lines (Figure 1d). It also allows for less than 100% of CO2 to be captured from CO2 
sources and less than 100% of injection capacity to be used at CO2 sinks, if doing so can reduce costs elsewhere in 
the system. The flexibility of simCCS enables the model to save costs and create realistic pipeline networks.  
The purpose of this paper is to demonstrate the economic benefits of using a model such as simCCS that 
optimizes simultaneously all seven of the key CCS decisions. We do so by solving the simCCS model and 
comparing the results to constrained runs of simCCS in which the pipeline branching capability is restricted. 
Specifically, we use simCCS to compare networks of direct pipelines, as in Figure 1b, with the more flexible 
networks as shown in Figure 1d, using the same dataset. We show maps of the types of networks produced and 
quantify the higher costs of direct-pipeline systems relative to the comprehensively and simultaneously networked 
systems produced by simCCS. By suppressing some components of SimCCS and solving the model, we identify 
where the greatest savings from comprehensive modeling are found in this particular case study. 
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2. SimCCS formulation 
The main steps of solving a 
comprehensive CCS infrastructure 
system using SimCCS are shown in 
Figure 2. In brief, the process involves 
stepping from a GIS cost surface grid 
(Figure 2a) to potential pipeline routes 
(Figure 2b), to a simplified set of 
potential nodes and arcs for a pipeline 
network (Figure 2c). These nodes and 
arcs, along with cost and capacity data 
(Figure 2d), are inputs to the SimCCS 
model, which then minimizes the cost 
of meeting a given CO2 target and 
outputs an optimal set of source and 
sink locations and sizes and an optimal 
pipeline network configuration, sizes, 
and flows (Figure 2e).  
First, GIS layers representing the 
main geographic factors that influence 
the costs of constructing pipelines are 
converted into 1 km x 1 km grid 
squares, multiplied by cost multiplier 
factors, and combined together to create a pipeline construction cost surface (Figure 2a). The layers include 
highways and railroads, wetlands, population density, federal lands, and topographical weights that vary by the 
average slope and aspect.  The final cost multiplier for building a pipeline through a grid square is then multiplied 
by a base cost for building natural gas pipelines. The layers, multipliers, and base costs are all editable by the users.    
Second, the locations of CO2 point sources and potential geologic reservoirs are added to the GIS, and a grid-
based shortest-path routine is applied to the cost surface from the first step to find the least-cost path among every 
source-sink, source-source, and sink-sink pair (Figure 2b). Source-source and sink-sink pairs are included so there 
will be potential pipeline routes for building trunk lines capable of consolidating flows. The result of this step often 
includes a large number of parallel and duplicative routes. To create a computationally tractable network-design 
model from these potential routes, this network must be thinned and simplified 
into a smaller set of nodes and arcs.  
The third step, then, consists of three parts. First, the grid is converted into a 
network of nodes and arcs. Nodes are inserted anywhere that pipeline routes 
among different pairs meet, and the segments of each route between adjacent pairs 
of nodes are defined as distinct arcs (Figure 3). Next, overlapping arcs (one on top 
of the other) are removed. Finally, a number of different “rules of thumb” are 
applied to simplify unnecessary detail that would not materially affect routing or 
costing. These rules include: collapsing triangles into single nodes if they are 
small enough; removing one side of a triangle if the length is not much longer 
than that of following the other two sides; and merging nodes if they are close 
enough [9]. Figure 2b shows the user interface that allows the analyst to set 
tolerances for each of these operations. The output of this step is a simplified 
network of non-overlapping nodes and arcs (Figure 2c).  
 
Figure 3. Grid cell to node-arc 
conversion. 
Figure 2. The simCCS modeling process: (a) GIS cost surface; (b) potential 
pipeline routes and network-thinning interface; (c) post-thinning simplified 
network; (d) cost and capacity data; and (e) optimal CCS infrastructure results. 
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Fourth, this network of candidate nodes and arcs 
is input into a mixed-integer linear program (MILP), 
which is currently solved using commercial LP 
software packages such as C-Plex or XPressMP. The 
model minimizes the total cost of building and 
operating an integrated CCS, and makes all seven 
key decisions simultaneously. The objective function 
includes fixed and variable costs of (a) source 
capture facilities, (b) pipelines of various diameters, 
and (c) geologic reservoirs. The model employs 0-1 
variables to represent the decisions whether or not to 
build a capture plant at any potential source, a 
reservoir at any potential sink, and potential pipelines 
of each possible diameter between any pair of nodes. 
Constraints require that CO2 flows on built pipelines 
fall between minimum thresholds and maximum 
capacities for the given diameter; that the CO2 
captured at and flowing into any node is equal to the 
amount injected and flowing out of it; and that no 
sources and sinks are used if their fixed costs are not 
paid and that their capacities are not exceeded. In 
addition, the driving force of the model is a constraint 
that requires a given target amount, T, of CO2 be captured and injected systemwide. The model is solved for a range 
of CO2 targets, and total costs and optimal configurations (Figure 2e) are output for each target T. We refer readers 
to Middleton and Bielicki [9] for a complete presentation and explanation of the MILP formulation.  
One of the main inputs to the simCCS model, and a key focus of this paper, is the pipeline costs. Figure 4 shows 
the cost curves for pipelines ranging from 4 to 42 inches in diameter. Because of the large fixed cost for constructing 
pipelines, Figure 4 displays substantial economies of scale and utilization. Economies of scale are seen in the overall 
declining shape of the curve, with a 4-inch pipeline having a maximum capacity of 190 kT/yr and an average cost of 
$498 per kT/km/yr when operated at capacity, compared with a 42-inch pipeline with a capacity of 84,000 kT/yr at 
an average cost of $15.45 per kT/km/yr. Economies of utilization are seen in the shape of the curve for each pipeline 
size, which declines as the fixed costs of the pipeline are spread across more tons, up to the maximum capacity.  
3. Case study — the Midwest United States 
The benefits of networking pipelines with simCCS are demonstrated here using a case study in the Midwest USA. 
The dataset includes seven point sources of CO2—coal-fired power plants in southern Illinois, Indiana, western 
Kentucky, and one on the Ohio-West Virginia border. The eight geologic sinks in this case study are depleted oil 
and gas fields concentrated in western Pennsylvania, eastern Ohio, and West Virginia. Figure 5 the sizes and costs 
of sources and sinks as well as the potential pipeline network of candidate arcs and nodes, which was generated 
based on the total cost multiplier surface shown on the base map.  
The locations and CO2 emissions volume for the CO2 sources and the estimated capacities of the oil reservoirs 
are from NatCarb [10]. Specific costs of the individual power plants and geologic reservoirs are not available, so 
costs for particular facilities cannot be estimated. For the purposes of this study, representative costs are used. 
Consequently, each source was assigned a capture cost drawn from a uniform distribution between $50 and $70 per 
tonne of CO2, based on IPCC data [11] and Al-Juaied and Whitmore [12], which distinguishes between first-of-a-
kind and nth-of-a-kind capture costs from coal-fired power plants. Similarly, absent further data on the geologic 
reservoirs (e.g., permeability, temperature, pressure), CO2 storage reservoirs are assigned values from a uniform 
distribution between $2 and $10 per tonne of CO2.  Pipeline cost and capacity data are based on Bielicki [13]. 
Figure 4. Pipeline cost curve showing economies of scale and 
utilization. 
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To generate the results for 
this study, we ran simCCS on 
the Midwestern network in 
two different ways. To get the 
optimal sources, sinks, and 
pipeline configuration for the 
fully networked case, we ran 
simCCS in standard mode. 
The standard, flexible version 
of simCCS can build any of 
the pipeline segments in 
Figure 5 to any diameter. 
Pipeline diameters are 
allowed to change at any 
junction, source, or sink node 
to accommodate CO2 volumes 
that could be merged together 
to form larger trunk lines or diverted away onto branch lines. To compare these results to a network consisting of 
direct pipelines only, we edited the network so that each arc represents a complete pipeline from a source to a sink. 
All of the arcs in a least-cost path from a source to a sink are joined end-to-end into a single arc. In this case, if the 
model were to decide to build direct pipelines on two arcs that share part of the same route or corridor, the pipelines 
would overlap (side by side) without combining into a single trunk line. Any direct pipeline could be built to any 
diameter, and in both sets of runs, the model was able to connect a single source to multiple sinks, or multiple 
sources to a single sink.  
4. Results: Comparison of Direct and Networked CCS Pipeline Systems 
For both direct and networked pipeline systems, simCCS was solved in increments of 1 million tonnes (Mt) of 
CO2 from 1 Mt to 22 Mt per year. Each of the 44 runs was solved to optimality, with a gap of 0%, up to a maximum 
of 1800 seconds, using CPlex v.11 on an IBM ThinkPad T41p 2.16GHHz laptop with 1GB RAM. After 1800 
seconds, the best 0-1 solution is reported.  
Figure 6 summarizes the comparative results in six different graphs. Total costs (Figure 6a) are broken down into 
capture costs (6b), transport costs (6c), and storage costs (6d). Network length (Figure 6e) and capacity utilization 
(6f) are also shown. The first four solutions, for targets of 1-4 Mt CO2/y, are identical. The model builds a direct, 
536-km pipeline from point source A to sink 1, increasing the diameter from 8 to 12 to 16 inches as the target 
volume increases. As the diameter increases, transport costs fall from $17.93 to $7.25 per tonne, and total costs fall 
from $70.93 to $60.25 per tonne. The networked model first distinguishes itself from the direct-pipeline model at 5 
Mt CO2/y, when source A reaches its maximum CO2 capture capacity. The networked model builds a small spur line 
from source B, increasing the utilization of the 16-inch trunk line from 58% to 73%. The direct model, in contrast, 
cannot add a branch to the trunk line. Rather than build a parallel pipeline from source B to sink 1, it builds a shorter 
new pipeline to the same sink 1 from the small but expensive source C. As a result, the cost per tonne for the direct 
pipeline system increases from $60.25 to $60.68 as the target increases from 4 to 5 Mt CO2/y, while the networked 
system’s cost decreases to $59.48. Source costs for the networked system are $0.99 lower, transport costs are $0.21 
lower, while sink costs are identical. The network length is 15 km shorter, and the pipeline utilization rate is 6.5% 
higher. This example illustrates that even with a small CCS system, networking pipelines is beneficial. 
As the target is increased further, similar but magnified savings accrue from networking the pipelines. The 
savings range from $4.40 to $5.52 per tonne from 10 to 22 Mt CO2/y. The 14 Mt CO2/y solutions illustrate the 
greater efficiency of the CCS systems developed by the networked version of simCCS. The networked model 
(Figure 7a) combines CO2 from four sources into one 20-inch pipeline. The two feeder lines each serve two CO2 
sources, and combine at a junction node where no source or sink exists, with the diameters increasing as necessary 
at each junction. In contrast, the model restricted to direct pipelines builds five separate pipelines from five sources 
Figure 5. Base network of source and sink nodes and candidate pipeline arcs. Labeled nodes 
are referred to in the text. 
2812 M.J. Kuby t al. / Energy Procedia 4 (2011) 2808–2815
6 Author name / Energy Procedia 00 (2010) 000–000 
to two sinks (Figure 7b). Two of the pipelines are built on the same route from sources A and B to sink 1, but the 
direct-pipeline model can find no other less costly solutions. As a result, the networked model builds a network 
totaling 1,067 km compared with 2,560 km for the direct pipeline network, and achieves an 89% capacity utilization 
rate compared with 72%. The average cost per tonne for the networked model is $60.49 compared with $65.21 for 
the direct model—a savings of 7.25%, or $66 million per year. For this particular CO2 target, the networked model 
saves $0.13 per tonne (0.25%) on capture costs, $4.02 (47%) on transport costs, and $0.57 (21%) on storage costs. 
Figure 6 illustrates the ability of a networked pipeline system to take advantage of economies of scale inherent in 
pipeline economics, compared with direct CO2 pipelines. Because the direct-pipeline model is restricted from 
combining flows into trunk lines, the cost per tonne (Figure 6a) reaches its minimum of $60.25 at 4 Mt CO2/y and 
increases fairly steadily to $68.58 at 22 Mt CO2/y. In contrast, the cost of the networked pipeline system continues 
dropping to a low of $58.57 per tonne at 10 Mt CO2/y before increasing back to $63.65 at 22 Mt CO2/y. The 
networked cost curve thus reaches a lower cost, and does so at a much higher capacity—that is, the cost curve is 
shifted down and to the right. The primary reason for this is that networking the pipelines allows an optimization 
model to combine flows to take advantage of both economies of scale and of fuller utilization in the pipeline system, 
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which the direct pipeline model cannot do. Figure 6c clearly shows the economies of scale in the networked pipeline 
systems with the classic shape of an asymptotically declining cost curve that never displays any sustained 
diseconomies of scale.  
Figure 6e shows that the direct 
pipeline system consists of six 
distinct steps. At each of these 
steps, a new direct line adds 
length to the system. As the target 
increases, more CO2 can be 
pumped through each new direct 
line, achieving higher utilization 
rates, as well as some economies 
of scale by increasing the 
diameter. Eventually, however, 
either the source or reservoir 
capacity is reached. In some 
cases, these steps can hide a shift 
of the origin or destination to a 
larger source or sink, allowing the 
step to continue expanding, but 
eventually, an additional direct 
pipeline needs to be opened. In 
contrast, the overall length of the 
networked pipeline system grows 
more gradually, expanding mainly 
by adding branch lines. The 
optimal networked system has a 
single trunk line for almost all 
solutions. Only at 22 Mt CO2/y 
does it decide to open a second 
long-distance west-east pipeline, 
which leads to the uptick in 
networked distance seen in Figure 
6e. However, the route of the 
single trunk line does not stay in 
one corridor for all the other 
solutions, but rather shifts from sink 1 to the group of reservoirs in Ohio and Pennsylvania at 6 Mt CO2/y. 
Once the networked and direct pipeline networks differentiate from each other (at 5 Mt CO2/y), the utilization 
rate of the networked system averages 8.79% higher. Only once, at a target of 8 Mt CO2/y, is the utilization of the 
direct pipeline system higher than that of the networked system, but because the networked system is one-third 
shorter, the transport cost per tonne is still lower than that of the direct system. 
Despite these transport cost economies, average CCS costs in the networked system (Figure 6a) begin trending 
upwards after 10 Mt CO2/y because of the steady increase in capture costs (Figure 6b). Source costs in the 
networked system start their inexorable rise at 5 Mt CO2/y as the model is forced to utilize more and more expensive 
CO2 sources. From 5 to 10 Mt CO2/y, declines in transport and storage costs more than offset the rise in capture 
costs, but as transport and storage costs start flattening out, the capture costs, which range from 70% to 90% of total 
costs, begin to dominate. 
5. Conclusion 
The high spatial dependency between CCS components (CO2 sources, pipelines, and reservoirs) and the fact that 
pipeline routing takes place in continuous 2-D planar space makes this simultaneous optimization a complex 
a 
b 
Figure  7. Optimal CCS system for 14 Mt CO2/y for (a) networked and (b) direct 
pipeline systems. Note: in the direct pipeline system, the southernmost route 
appears to have a single pipeline with a branch at the end, but it actually has two 
side-by-side pipelines following the same route leading to two different reservoirs. 
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problem. Some models have made the simplifying assumption that CCS systems will deploy direct pipelines 
between CO2 sources and sinks, which limits the extent to which CCS systems can take advantage of the inherent 
economies of scale and utilization that characterize transportation by pipeline. The simCCS model [11, 12] is the 
first in the literature that coordinates all seven decisions involved in optimizing the capture, transport, and storage 
components of CCS infrastructure and develops networks with trunk lines, branching, and feeder lines. In this paper, 
we used simCCS to compare the optimal CCS systems and costs under two assumptions: networked pipelines with 
trunk lines and branching, and direct pipelines between single origins and single destinations. 
The analysis provides strong evidence of the benefits of networked pipeline systems. The optimal networked 
CCS systems were consistently less costly and shorter in length, and achieved higher pipeline capacity utilization.  
Not surprisingly, the greatest savings were in the transport component, but the capture and storage costs were also 
consistently lower. Different sources and sinks are selected depending on whether the model allows trunk lines and 
branching, which can help the model find less costly configurations for using all of a source’s or sink’s capacity. 
Our analysis showed that as soon as the scale of a CCS system becomes large enough to include more than one 
source and one sink, the benefits of networking the pipelines begin to appear.   
Future work on CCS optimization modeling would benefit from better cost and capacity data for the capture and 
injection processes, and a better understanding of partial capture of a source’s CO2 stream. The simCCS model 
presented is a deterministic model that assumes that all cost and capacity coefficients are known with certainty. 
Optimization models can be extended to develop systems that will perform well under a variety of circumstances. 
Finally, the model used here re-optimizes the system for each CO2 target, which implies that, if it were built, that a 
source, pipeline, or reservoir that was opened for a smaller CCS system might be closed or moved for a larger 
system. When dynamic models are developed to phase in infrastructure systematically, we expect the advantages of 
networked pipelines over direct pipelines to be even greater than those demonstrated in this paper’s static models. 
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